In tro d u c tio n Indole (1 ), benzofuran (3) and their isoconju gated isomers: isoindole (2) and isobenzofuran (4) are interesting heteroarom atic molecules1-3 denoted as positional isomers 4 because they formally differ only in the position of a heteroatom. Their atomic skeletal structures and a num bering of atoms are given in Figure 1 .
The difference in the position of a heteroatom reflects rather strongly the differences in physical and chemical properties of positional isom ers4-6. Theoretical studies 7 using the Dewar's variant 8 of the Pople's SCF M O 9 (variable ß) 10 procedure predicted the geometries of 1, 2, 3, and 4, respec tively. These results can be summarized as follows: the benzene ring in indole and benzofuran is un affected by the attachment of the N-or O-polyenoid moiety whereas isoindole and isobenzofuran have a quinonoid structure, because in these molecules the six-membered ring has lost the benzene-like geometry becoming a cyclopolyenoid C6 moiety. These quinonoid-like structures are very reactive in the case of (4 m + 2) -rings u . Thus, while 1 and 3 were first prepared a century ago [12] [13] [14] Indole and benzofuran also appear as the funda mental constituent parts of many biologically active molecules3,23,24, e .g .: indole-3-acetic acid (the natu ral plant growth horm one), tryptamine (the hallu cinogenic agent), lysergic acid diethylamine (the most potent hallucinogen), serotonin (the effect on the blood vessels), indomethacin (the potent anti inflammatory agent), medmain (the potent serotonin antagonist), 5-methoxy-6,7-dimethyl benzofuran (the aroma-constituent of greek tabacco), 2-methyl benzo furan (the aroma constituent of coffee), etc. Indole and benzofuran have been found in cigarette smoke20 and tested on chemical carcinogenecity26, 27 showing no carcinogenic activity. On the other hand, the corresponding isoconjugated isomers have never been detected to our knowledge as parts of bio logical molecules.
In the past, the theoretical studies7' 16, 28-36 on 1, 2, 3, and 4 in their ground and excited states have been perform ed in the framework of the ap proxim ate molecular orbital methods. We have de cided to study these molecules using an ab initio LCAO-SCF-MO approach and to compare our re sults with some previously obtained by semi-empiri cal methods.
Com putational D etails
Indole, isoindole, benzofuran, and isobenzofuran have been studied by an ab initio (Hartree-FockRoothaan) LCAO-SCF-MO procedure37. The main problem in ab initio calculations are, of course, the difficulties in the evaluation of the multicenter elec tron repulsion integrals over the Slater-type orbitals (STO ). Several research workers 38-42 have shown that the difficulties of integral evaluation can be overcome by sim ulating each STO (<£") as a linear combination of K 1 s and 2 p Gaussian-type orbitals (GTO) gltk:
Hehre, Stewart, and P o p le41 have optimized the GTO exponents (and have found that these do not depend on the size of the basis set) and have de termined the expansion coefficients cßk by a leastsquares fit of the STO's using expansions where K ranges from 2 to 6 (termed STO-K G expansions). Pople and co-w orkers41,42 have found in their studies that the three-gaussian representation (STO-3G) set is very economical to use (gives re sults -atomic population, dipole moments, b ar riers to rotation around the single bond -close to the STO limit) and as a minimal ( I s , 2 s, 2 p) basis can be applied to larger molecules. Therefore, following their experience the STO-3G basis func tions have been also used in the present work.
The LCAO coefficients are obtained solving the Hartree-Fock-Roothaan equations. The Mulliken gross population 43 of the atomic orbital 0 U is cal culated from the expression:
where PßV is a first-order density matrix (P^v = occ. The geometries of studied molecules are needed for the input data. Unfortunately, the experimental geometries of indole, isoindole, benzofuran, and iso benzofuran are not known as yet. The experimental bond lengths in the 3-methylindole-trinitrobenzene complex 44 and the crystal structure of indole 45 are, so far, determined only. Since these data 44, 45 ai*e not very helpful for our purpose we have used the standard bond lengths as suggested by Pople and G ordon46 to construct the geometrical models of 1, 2, 3, and 4, respectively.
All calculations are carried out on a CDC 6400 computer of the University of Ljubljana.
R esu lts an d D iscussion
Total energies and the electronic populations of indole, isoindole, benzofuran, and isobenzofuran are given in Table 1 and Fig. 2 We shall not comment on the values of the total energies because the ab initio method is not very reliable in this respect 4'.
However, the correct trends are »obtained when the total energies of indole and benzofuran are com pared with those of their isoconjugated isomers: isoindole and isobenzofuran, the former being large. Thus, the ab initio calculations prefer indole and benzofuran over isoindole and isobenzofuran, and this is in agreement with earlier theoretical predic tions 7' 16 and experimental findings6. Electronic densities have been used for the calculation of dipole moments. The calculated and available ex perimental dipole moments are given in Table 2 . The CNDO/2 and VESCF values 48,49 for indole and the VESCF value49 for benzofuran are also included in Table 2 . The agreement between the ex perimental and theoretical values is satisfactory. The gross orbital charges in indole, isoindole, benzofuran, and isobenzofuran are summarized in Table 3 . These results are interesting and worth T able 3. Gross orbital charges.
( The above results show that nitrogen has gained 0.33 (in indole) and 0.30 (in isoindole) of an elec tron, respectively. Similarly, oxygen has gained 0.22 (in benzofuran) and 0.19 (in isobenzofuran) of an electron, respectively. This gain in both cases represents the sum of two effects: a gain from the o orbitals and a loss from the n orbitals. Therefore, the charge transfer acts in two ways; both nitrogen and oxygen in all studied molecules are t t donors and a acceptors with the net result of a gain of charge. It is interesting to note that an ab initio study (using the contacted Gaussian set of 30 func- tions) by Clementi, Clementi, and D avies50 gave the following charges on the nitrogen atom in pyrrole:
(1 s )2 (2 s ) 1-37 (2 p a ) 238 (2 p n ) 166 .
The carbon atoms in 1, 2, 3, and 4 can be both o and 7i acceptors or o donors and t t acceptors, depending on their positions within the bicyclic heteroconjugated molecule. Thus, the carbon atoms within the five-membered heterocyclic moiety are both o and t t acceptors whereas the four outer car bon atoms in the benzene ring are a donors and t t acceptors. The carbon atoms averagelv have the fol lowing orbital charges:
Finally, the hydrogen atoms are only a donors.
Perhaps it is interesting to make a remark about the hybridization of nitrogen, oxygen, and carbon atoms in the title compounds. The hybridization of the nitrogen atom is si.43 p2.i8 (jn in(l0le) and si.45p2.23 iSoindole).
Similarly, the hybridization of the oxygen atom is gi.i8 p2 <i (in benzofuran) and gi.80 p2 -2 (in isobenzofuran).
The hybridization on carbon atoms (averagelv) in all studied molecules is s1-12 p1-88 .
This value is not very different from the s1 and p2 of a trigonal hybrid on the carbon atom.
In Table 4 we compare .'T-electron charge den sities in 1, 2, 3, and 4 obtained using approximate SCF rr-MO methods with our results.
The results of Momicchiolli and R astelli31 and Klasinc et a l.36 agree with the ab initio values whereas those of Dewar et al. ' differ considerably.
In Table 5 we give the correlation of experimen tal n.m.r. chemical shift d a ta 51,52 of indole and benzofuran with the total atom charge density of the adjacent aromatic carbon atoms calculatedi>3 by EHT and CNDO/2, and by us.
In both compounds the 3 (ß) -position has the greater charge density (in all three sets of calcula tions) and the smaller chemical shift. Note that the charge densities obtained from our calculations are 
1.0107
This assignement is also supported by our calcu lations which have given the total charge densities 6.062 and 6.070 at the carbon atoms 4 and 5, respectively.
Finally, in Table 6 we report the first ionization potentials of indole, isoindole, benzofuran, and isobenzofuran estimated via Koopmans theorem. Ab initio calculations indicate that the first ionization potential is of the a-type, but the values are found to be rather low (approx. for 1.8 eV) when com pared with experimental vertical ionization poten tials. The same observation is made by other wor kers 55 when trying to predict the ionization poten tials of large molecules using ab initio methods. However, our results reproduce the correct trends giving larger values of the first ionization potential to indole and benzofuran than to their less stable isoconjugated isomers. This is in accordance with the observation earlier made 56 that the differences in the ionization potentials run parallel to the differ- 
